The LES approach implemented in the Kiva-3V code is evaluated on the fully developed flow through a rectangular duct of square cross section. The Reynolds number based on the bulk velocity and duct width is 8000. The number of grid nodes is 96000. Three subgrid scale models are compared: the Smagorinsky, the WALE and the Vreman model. The results differ mainly in the predicted shear stress levels. The Smagorinsky model shows a large overprediction of the shear at the walls, whereas both the WALE and Vreman models perform better due to a reduced contribution of the subgriddissipation. In this study the WALE model gives the best results on simulating the secondary flows and turbulence statistics.
INTRODUCTION
In direct injection (DI) diesel and gasoline engines fluid dynamics play an important role in the process of fuel-air mixing and consequent combustion. Generally isothermal fluid dynamics are well understood and can be modelled properly whenever turbulence is homogeneous. However, in a DI internal combustion engine fuel is locally injected in a flow situation that is rather complex. Swirling and tumbling flow fields are created resulting in highly anisotropic turbulence. Yet, in many practical modelling attempts, e.g. using engine codes like Kiva-3V, it is common practice to describe the unsteady turbulent flowfield by means of the two-equation k − model, referred to as the Eddy Viscosity Turbulence Model (EVTM). These models are based on the homogenous turbulence assumption and hence fail in modelling the anisotropic turbulence. This is the reason why the implementation of improved turbulence models in engine codes like Kiva-3V has become an area of active research. Lebrere et al. [1] and Yang et al. [2] studied the performance of the Reynolds Stress Turbulence Model (RSTM) within the framework of the Kiva code. The turbulent stress terms are provided through the solution of six additional transport equations.
Sone et al. [3] pointed out that Reynolds averaging imposes limitations on the spatial and temporal resolution. These limitations become unacceptable if one desires to study fuel-air mixing and the resulting turbulence: the RANS approach will provide only average flow quantities, while local effects associated with these phenomena cannot be modelled properly. Therefore these authors presented a LES approach using a subgrid-scale turbulent kinetic energy model. Celik [4] also has shown preliminary LES results in the Kiva environment, using a Smagorinsky model.
The issues, concerning the fluid dynamics modelling in Kiva that need investigation concern (1) the influence of the accuracy of the applied numerical scheme, (2) the influence of the resolution and (3) the influence of the subgrid-scale (SGS) model.
The issue of the accuracy arises from the fact that codes like Kiva-3V, primarily written for describing multiphase reacting flows in complex geometries, generally use lower order Finite Volume schemes. When applying the LES approach the numerical diffusion caused by the truncation error can be of the same order of magnitude as the turbulent viscosity, especially in the case of upwind-biased schemes.
When performing a proper LES, care is taken that all scales towards the inertial subrange are fully resolved. On practical applications this is not achievable, especially not close to walls. The computational demands are simply not affordable. The question that remains is the impact of the under-resolved shear layer on the overall flow structure. Therefore, in this work simulations are performed on a relatively coarse mesh, typical for engine calculations.
The influence of the SGS model is critical in regions close to walls where turbulence is inhomogeneous and shear plays a dominant role. Also in transition regions the flow is very sensitive to the presence of SGS dissipation. In this work the Smagorinsky model, that is based on the assumption of homogeneous turbulence at the subgrid-scales, is compared to the WALE and Vreman models, which take inhomogeneous SGS turbulence into account.
The flow in a square duct, with periodic boundary conditions and body forcing is chosen as the test case. This choice was motivated by the fact that secondary fluid motion appears near the corners of the geometry. This is a reflection of the anisotropy of the shear stress tensor. Prediction of turbulence properties in regions of the flow domain where these secondary fluid motions occur would present a severe test case for a LES approach developed for a practical testbed code. The choice of a square duct was further motivated by the fact that the geometry is simple and because of the availability of results from other numerical studies using DNS and LES.
Conclusions are drawn for the applied SGS model and for the required spatial and temporal resolution. These conclusions will be of use in the simulation of fluid dynamics using Kiva-3V in practical DI internal combustion engines.
LES MODELLING
In LES the Navier Stokes equations are filtered in space for wave numbers higher than π/∆. Different filter shapes have been proposed in recent literature, see e.g. [5] . For Finite Volume methods a conveniently defined box filter is used:
with G i the filter function in the ith direction and ∆ i the filter width in this direction. This filter is local in physical space, but nonlocal in spectral space. Then for any quantity Φ it follows that
Here, the overbar denotes a filtered quantity. This leads to the following equation for the momentum conservation, in the Favre-averaging description:
As is generally accepted term I, the difference of the Favre-averaged and Reynolds averaged stress term is neglected. In this equation the subgrid-scale stress tensor τ ij is:
Equation 3 looks identical to the equation which is solved for the standard k − model. However, τ ij has a different meaning. In the LES model, only correlations below the filtered level are modelled whereas in the RANS approach the fluctuations on all turbulent scales are modelled. This implies that an accurate numerical scheme is required in the LES approach, as all turbulent scales down to the filter size need to be resolved explicitly.
Subgrid-scale modelling: Smagorinsky
The SGS stress tensor is modelled by a turbulent viscosity, which accounts for the turbulent dissipation on the subgrid scale. This approach is in principle valid when the cutoff wave number k C = π/∆ is in the inertial subrange, implying that the subgrid turbulence is universal. Assuming the subgrid turbulence to be isotropic the SGS can be written:
withS ij the stress term:S ij = 1 2
Now a model for the subgrid turbulent viscosity ν τ has to be proposed. The simplest approach, which is the Smagorinsky model, [6] reads:
with S = 2S ijSij . In Equation (8) the filter length scale ∆ is based on the grid-length scale: ∆ = (∆x∆y∆z) 1/3 , and the model variable C S is set to 0.1, which is below the theoretical value of 0.18, deduced from homogeneous isotropic turbulence. The lower value is more adapted for flows with an important mean stress, but is not suited for flows with no mean stress.
The Smagorinsky model is well known for the over-prediction of turbulence in laminar regions. In principle this problem is solved by applying a dynamic procedure. This can be achieved by the introduction of a test filter [7] . However, this approach leads to difficulties in practical simulations. Defining a test filter on a non-uniform grid in complex geometries is not trivial. Furthermore this approach requires an averaging procedure over homogeneous directions. These directions are difficult to define in complex flows. Finally the model variable may turn negative in a considerable amount of cases, demanding ad-hoc clipping to prevent instabilities. These problems drive the search for easier to implement, more stable SGS models.
Subgrid-scale modelling: WALE
The so-called Wall Adapting Local Eddy-viscosity (WALE) model as proposed by Nicoud [8] is based on the traceless symmetric part of the square of the velocity gradient tensor. When writing
this tensor can be written as:
We can construct from this tensor the operator G γ :
This operator, which is based on the second invariant of the gradient tensor, vanishes for pure shear flows, for instance close to walls. In this case, for y 0, G γ behaves like y 2 . In order to let the operator follow the theoretical y 3 behavior, the turbulent diffusion should be proportional to (G γ ) 3/2 . To match the dimensions G 3/2 γ is scaled to (S ijSij ) 5/2 . However, this ratio is not well conditioned numerically. Therefore, the term G 5/4 γ is added. This term is negligible in the near-wall region. Thus, the resulting model for the eddy-viscosity reads:
The constant C w is set to 0.5, based on results from homogeneous isotropic turbulence.
Subgrid-scale modelling: Vreman
Another version of this approach for a SGS model is proposed by Vreman [9] . Just like the WALE model this model needs only local filter information and first-order velocity derivatives. The eddy viscosity is based on the operator B β :
Then, the subgrid dissipation reads:
The subgrid dissipation is based on the flow functional B β because B β vanishes for the same (inhomogeneous) flow types as the theoretical subgrid dissipation, like in transitional flow and laminar shear flow at near-wall regions. β is positive semidefinite, which implies B β ≥ 0. B β is an invariant of the matrix β while α ij α ij is an invariant of α T α. Notice that β = ∆ 2 α T α in the case of identical filter width ∆ m in any direction. Thus, ν t will reduce to zero in case of vanishing α ij α ij .
The constant is chosen C V = 0.081, corresponding to C V ≈ 2.5C 2 S , with C S its theoretical value of 0.18 for homogeneous isotropic turbulence. A lower value for this constant would represent a smaller filter size.
NUMERICAL IMPLEMENTATION
The Kiva-3V code is an advanced computer program for the numerical calculation of transient, three-dimensional chemically reactive fluid flows with sprays. It is primarily written for simulating flows in reciprocating internal-combustion engines. In the standard version of the code turbulence is modelled using either the standard or a RNG variant of the k − model. The computational grids are built with hexahedrons. The velocity components are defined at the vertex centers while all thermodynamic variables are cell centered quantities. The governing equations are discretized using the finite-volume method. In Kiva-3V the Arbitrary Lagrangian Eulerian (ALE) concept is used to model the displacement of the grid nodes, as is required for engine simulations. In this method two phases can be distinguished: firstly the Lagrangian evaluation of equations of motion. In this phase the source terms and diffusive terms are evaluated. This can be done implicit, explicit or semi-implicit, based on considerations of both stability and efficiency. In the second phase all cells are mapped back onto the Eulerian grid. This phase is evaluated explicitly and can be divided in sub-cycles. The time step of the sub-cycle is based on the Courant stability criterion. Details on the properties of the numerical schemes can be found in Amsden et al. [10] . This code has been adapted for our purposes. The accuracy of the convective scheme is improved by the implementation of a non-linear Total Variation Diminishing (TVD) scheme, Hirsch [12] . The motivation for using the TVD description lies in its stability preservation. Straightforward second order schemes, such as the second order upwind or central scheme may cause serious stability problems. Here the MUSCL scheme is applied. The limiter function Ψ(r) reads:
Here r is the ratio of the upstream and central velocity gradient. As shown in Huijnen et al. [11] the influence of the numerical diffusion is reduced by this scheme compared to the previously available minmod limiter function. Unless this improvement numerical dissipation cannot fully be neglected, as has been discussed by Garnier et al. [13] .
The previously mentioned subgrid-scale models are also implemented in the code. 
MODEL VALIDATION
For validation of the LES turbulence models numerical simulations of a turbulent flow in a square duct geometry with periodic boundary conditions have been performed. This geometry is chosen for its apparent simplicity. Yet, the fluid dynamics shows already relatively complex structures. Furthermore, this geometry is well suited to study the turbulence behavior of the different models close to walls, which is of basic importance for confined situations, like internal combustion engines. Finally, for this situation a well established amount of literature results is available: numerical, theoretical as well as experimental [14, 15, 16, 17, 18, 19, 20] . A characteristic of flow in square ducts is that it is accompanied by turbulence driven secondary motions perpendicular to the streamwise direction. Although the magnitude of these motions may be as little as 2% of the bulk velocity, they have an important effect on the overall flow structure. It is well known that simple RANS models such as the available k − model do not reveal any secondary flow. To asses our LES implementation results are compared to a DNS study performed by Gavrilakis [15] and a LES study by Madabhushi [16] . In the work of Gavrilakis a detailed DNS study at Re τ = 300 is presented, with Re τ = 
LES Simulations
A mesh consisting of x, y, z = 60×40×40 cells is defined. The cells are equally distributed, and the first gridpoint from the wall is located at ∆y + = 6.0. The aspect ratio is taken L/H = 6.2, with H the height and L the length of the domain, identical to the geometry as used in studies by e.g. Madabhushi et al. [16] and Huser et al. [14] . This length turns out to be sufficient, as can be verified by the correlation lengths, see figure 2. This figure displays the correlation of the three velocity components up to half the duct length, representing the characteristic length of the longest turbulence structures. The fluctuations are minimally correlated at half the duct length. It is assumed that this influence remains small and that the computational domain is sufficiently long. The Mach number was set to M a = 0.05, so compressibility effects can fully be neglected. In all three simulations the flow was driven by an identical body forcing g x , which replaced the pressure gradient, as is most convenient for simulations with periodic boundary conditions. The forcing was tuned to a Reynolds number of: Re * =360. Here, the shear velocity is defined as u 2 * = − is found to be [16] 5810 where the bulk velocity scale U b is the mean streamwise velocity. The initial conditions of the flow field are defined as a parabolic streamwise velocity profile with random, divergence free velocity fluctuations added. These fluctuations are of the order of 5 % of the local streamwise velocity, the size of the fluctuations is correlated to the grid size: the smallest structures are of the order of five cells.
Convergence is defined as the steady state where the mean velocity and amplitude and frequency of the fluctuating field do not change. This is reached when the flow has passed approximately 10 duct lengths. This took approximately 200 hours on a 2 GHz single CPU computing facility. Figure 2 shows the convergence of the resolved mean kinetic energy (K) and resolved fluctuating kinetic energy (k) from this moment on, adimensionalised with t * = L/U B . Another 200 hours of computational time was required to achieve converged statistics.
The statistics are evaluated based on two data planes perpendicular to the streamwise velocity field, 0.5L apart from each other. The data was collected from t = 110 t * to 180 t * . The data is averaged over the four corners, as they are statistically identical. 
RESULTS
The results of the simulations can be analyzed on three different levels: the bulk flow quantities, the mean flow characteristics and the turbulent statistics. The following subsections will discuss each of these levels.
Bulk flow quantities
In Table I the results of the bulk quantities for the different simulations are presented. For every single simulation a new Re τ and Re b was evaluated, based on the effective shear velocity u τ , defined using the local shear stress at the mid-wall location (z = 0.5H) of the duct:
The results all show a discrepancy with the work of Madabhushi and Gavrilakis between the Re τ and Re b : whereas the Re τ is relatively low, the Re b exceeds the values found in literature. This indicates that the effective u τ is relatively low in all models. Reasons for this may be the low resolution and relatively low accuracy. The low resolution results in an inability to resolve steep mean gradients. The numerical scheme is unable to resolve turbulent structures that would enhance steep turbulent velocity gradients. For that reason the U b is used for scaling and not the shear velocity u τ . In the WALE and Vreman models both Reynolds numbers are substantially larger than for the Smagorinsky model. The ratio of the centerline velocity to the bulk velocity U c /U b is the largest for results with the Smagorinsky model and the smallest for the WALE and Vreman models. This can be explained as follows: the Smagorinsky model is the more dissipative model, as the turbulent dissipation is not correct for the shear flow close to the walls. As the Reynolds number increases, in the cases of the WALE and Vreman models, the profiles of streamwise velocity will become flatter and gradients in the wall region steeper, and thus decreasing the ratio U c /U b .
Mean flow profiles
The mean streamwise profiles are shown in figure 3 a. The velocities are in this case scaled to the centerline velocity U C , to focus on the shape of the profiles. The WALE and Vreman models follow the reference profile more accurately than the Smagorinsky model.
The spanwise flow is compared to the results obtained by Gavrilakis [15] , figure 3 b. that the Kiva-code suffers from a preferential direction when solving the transport equations. Similar results are obtained by results from the Smagorinsky and WALE models. However, when making use of the octa-symmetry of the problem given by the symmetry axes through the corners of the domain, the secondary flow pattern is captured in all cases, figure 4. This illustrates the influence of the averaging procedure on the analysis of the results. Figure 5 a. shows the strength of the secondary flow at z = 0.25H. The WALE model is the most capable of representing the secondary flow close to the wall, whereas the Smagorinsky and Vreman model give very similar results. The resolution is the main reason for not fully representing the secondary flow. Moreover, the Smagorinsky model is known for a poor turbulence modelling close to walls. The Vreman model is expected to correct for this effect. Still there may be an overprediction of the shear. The turbulence statistics can enlighten these effects.
Turbulence statistics
The total resolved turbulent kinetic energy (k) at half the duct cross section (z = 0.5H), from the wall up to the duct centerline (y = 0.5H), is shown in figure 5 . These profiles are averaged over the eight octants and scaled to the bulk velocity. The WALE model shows a similar level of Figure 7 . Distribution of shear stresses at Z/H = 0.5. Dashed line: <−ṽ"ũ"> from Gavrilakis [15] turbulent kinetic energy as reported by Madabhushi, while the Vreman model underpredicts this level. The Smagorinsky model gives an underprediction and shifts its maximum value more towards the center of the domain. Figure 6 shows the contribution to the total turbulent kinetic energy from the three directions. The streamwise turbulence (<ũ ũ >) is the main source, and shows similar behavior as k in figure 5 . The simulations have more difficulties with representing the smaller terms correctly, which is in correspondence with the applied TVD approach for the convection. In all cases the normal (<ṽ ṽ >) and spanwise (<w w >) direction are under-predicted. The Smagorinsky model reaches the proper value but the shape of the profile is wrong while the WALE and Vreman model follow the shape but lack the intensity. The shift of the Smagorinsky model reflects the over-prediction of the turbulent dissipation close to the wall: the kinetic energy is reduced at this point. The under-prediction by the Vreman model of the turbulent kinetic energy can explain the poor prediction of the secondary flow pattern as this pattern is a result from the anisotropic turbulent statistics. Figure 7 shows the total shear stress, again at half the duct cross section, from the middle of the wall to the duct centerline. Also the individual contributions of the viscous mean shear stress (ν∂U /∂y), the resolved turbulent shear stress (< −ṽ ũ >) and the subgrid-scale turbulent shear stress (< ν t (∂ũ/∂y +∂ṽ/∂x) >) to the total shear stress τ xy is shown. Here, the shear stresses are scaled to τ w = u 2 τ . The shear is underpredicted in all cases. The Smagorinsky model exceeds the value of one at the border, due to the non-zero subgrid contribution. The total contribution from the subgrid-scale model is the highest in this case. This explains the reduced Re τ .
Both the WALE and Vreman model show a less explicit contribution from the subgrid-scale model compared to the Smagorinsky model. Still there are differences. The resolved turbulence in the WALE model is substantially larger than in the Vreman counterpart. The Vreman model is still actively dissipating turbulence, whereas the WALE model dissipates only very modestly. This indicates that much of the subgrid turbulence dissipation is performed implicitly by the numerical scheme, while the subgrid-scale model should be inactive in the major part. This explains why the secondary profile is more pronounced in the case of the WALE model: the subgrid-dissipation is over-predicted by the Vreman model.
CONCLUSIONS AND DISCUSSION
In this study the applicability of the LES approach in the Kiva-code is evaluated. This paper addresses the problem of performing coarse LES simulations for practical applications. Therefore the simulation of a square duct geometry is chosen, on a relatively coarse mesh which would be realistic for current engine applications. Three LES SGS models, the Smagorinsky, WALE and Vreman models are evaluated in the KIVA-environment and compared to literature data. The latter two are defined such that the subgrid contribution disappears in shear flows. The three cases are subjected to an identical forcing.
The first gridpoint is located at ∆x+ = 6, which is very large for proper LES, but rather small for practical applications in engine simulations. Despite the poor resolution, especially close to the walls, reasonable results are achieved with all simulations. Still, important conclusions can be drawn from differences between these simulations. The effective Reynolds number changed substantially from the one case to the next. As the simulations have been set to identical forcing, rather than identical mass flow, it can be concluded that the SGS model has large influence on the effective Reynolds number. Especially the Smagorinsky model showed a reduced mass flow compared to the other models. Boundary conditions based on fixed mass flow rather than a fixed force field (or even pressure gradient) is essential for achieving fair results.
When corrected for this effect, reasonable agreement is achieved with regards to the mean profiles. Due to the weakness of the secondary flow pattern the simulation requires very long computational times to achieve statistical convergence over the four quadrants. To reduce the computational efforts all eight symmetry planes are used to analyze the results.
The WALE model is the most capable of representing the mean secondary flow statistics. With respect to the turbulence statistics all SGS models perform equally reasonably. The WALE model gives a slightly stronger resolved contribution, which indicates a stronger influence of the resolved turbulence. This can explain why the WALE model reproduces the magnitude of the secondary flow profile the best. The contributions to the shear stress indicate the reason for the stronger turbulent kinetic energy: the Vreman model dissipates a larger part of the resolved turbulence, compared to the WALE model. This deficit can be reduced by decreasing the model constant C v , as indicated by Vreman [9] . Moreover, as in this study the numerical scheme masks some of the effects of the SGS models, an additional study where the numerical contribution to the turbulent dissipation can be neglected is required to compare these two SGS models in detail.
